We have previously advanced the hypothesis that the allergic inflammatory response in the lungs 18 occurs as a self-limited sequence of events that begins with the onset of inflammation and then 19 resolves back to baseline over a predetermined time course (J Immunol 190: 3510, 2013). In the 20 present study we tested a key prediction of this hypothesis, which is that the instigation of the 21 allergic inflammatory response should be accompanied by a later refractory period during which 22 the response cannot be reinitiated. We challenged groups of ovalbumin-sensitized BALB/c mice 23 for 3, 14, 21 and 31 consecutive days with aerosolized ovalbumin. We measured airways 24 responsiveness as well as cell counts and cytokines in bronchoalveolar lavage fluid after the final 25 challenge in subgroups from each group. In other subgroups we performed the same 26 measurements following rest periods and after a final single recall challenge with antigen. We 27 determined that the refractory periods for GM-CSF, KC and IL-5 are no longer than 10 days, 28 while those for IFNγ and IL-10 are no longer than 28 days. The refractory periods for total 29 leukocytes and neutrophils were no greater than 28 days, while that for eosinophils was more 30 than 28 days. The refractory period for airways resistance was less than 17, while for lung 31 elastance it was longer than 28 days. Our results thus demonstrate that the components of the 32 allergic inflammatory response in the lung have finite refractory periods, with the refractory 33 period of the entire response being in the order of a month. 34 35
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INTRODUCTION 37
The inflammatory response to a noxious stimulus is crucial for survival, and is initiated by a 38 cascade of events beginning with the recognition of the stimulus by sentinel cells. Equally 39 important for health, however, is the resolution of the inflammatory response when it is no 40 longer needed. Indeed, failure of the inflammatory response to resolve may underlie a variety of 41 chronic diseases. This raises the fundamental question of how the duration of the inflammatory 42 response is controlled. In particular, it is difficult to imagine the existence of some agent in the 43 body with the capacity to decide when inflammation is no longer necessary, so how is the 44 inflammatory response turned off? 45
As a possible response to this question, we recently postulated that inflammation is subject to the 46 same control strategy as skeletal muscle, namely through the repetitive invocation of self-47 limiting unitary events that, in the case of muscle, are known as twitches (16). We hypothesized 48 that the inflammatory equivalent, which we term the inflammatory twitch, continues to be 49 invoked so long as the allergic stimulus is present. This allows an ongoing inflammatory 50 response stream to be maintained while it is needed, but ensures that the response will 51 automatically dissipate when the stimulus disappears. Of course, a skeletal muscle twitch lasts in 52 the order of 100 ms while an inflammatory response would have to last for much longer, but the 53 two systems may still have strong formal similarities in control structure despite their huge 54 differences in timescale. 55
We previously used an agent-based computational model in a proof-of-concept study to show 56 that a twitch-like event can, in principle, arise with respect to allergic inflammation in the lung 57 (16). We then used the model to perform a series of in silico experiments that explored how the 58 pentobarbital (90 mg/kg), tracheostomized, and cannulized. They were then attached to a 108 computer-controlled mechanical ventilator (Flexivent, Scireq, Montreal, Quebec, Canada) , 109 paralyzed with an IP injection of pancuronium bromide (0.8 mg/kg), and administered regular 110 ventilation at 200 breaths/min against a positive-end-expiratory pressure (PEEP) of 3 cmH 2 O 111 while EKG was monitored to ensure depth of anesthesia. The forced oscillation technique was 112 used to measure respiratory impedance (Z rs ) over the frequency range from 1 to 20.5 Hz using a 113 2 s broadband perturbation in volume applied by the Flexivent, exactly as we have done in a 114 number of prior studies (1, 22, 23) . Each measurement of Z rs was fit to the constant-phase model 115 (5, 22) . We used two of the best-fit parameter values of the constant-phase model as our 116 outcomes variables: 1) the Newtonian resistance (R n ) of the lung, which accurately estimates 117 airway resistance (21), and 2) lung stiffness (H), which is essentially equivalent to lung elastance 118 (22). Two baseline values of R n and H were obtained in this way. We then exposed each animal 119 to an aerosol of saline, delivered for 10 s via the inspiratory line of the Flexivent, and then 120 determined R n and H every 10 s for 3 minutes for a total of 18 measurements of each parameter. 121
This sequence was then repeated replacing the saline aerosol with aerosolized methacholine at a 122 concentration of 12.5 mg/ml. Airway responsiveness to saline and to methacholine was 123 determined from the averages of the 18 measurements of R n and H made following each 124 challenge. 125 (BALF) was gathered by lavaging the lungs with 1 mL of saline. This lavage fluid was 127 centrifuged at 600 g at 10ºC for 10 minutes and the resulting cell pellet was re-suspended in 128 saline. Half of this sample underwent cell counting using an Advia 120 Hematology System 129 (Bayer Healthcare, Tarrytown, NY) from which total cell numbers were counted. The other half 130 of the sample was used to make cytospins that were stained and from which differential cell 131 types were identified. 132
Cytokine Analysis: Following the gathering of BALF, left lobes of the mouse lungs were 133 dissected and ground to a fine powder using a liquid nitrogen-chilled mortar and pestle, and 134 subsequently resuspended and vortexed in 400 µL of saline. The suspensions were transferred 135 into separate QiaShredder spin columns (Qiagen) and centrifuged at 11,000 rpm at 10ºC for 10 136 minutes. Flow-throughs were then transferred to clean microcentrifuge tubes, while avoiding the 137 pellet on the bottom, and were stored at -80ºC until analysis. Following thawing on ice, total 138 protein concentrations were assessed using a Bio-Rad (Bradford) assay, with relative cytokine 139 concentrations assessed using a custom R&D Systems mouse cytokine panel and a Luminex 140 instrument, according to manufacturer's instructions. 141
Statistics: Inter-group comparisons were made using paired t-tests or ANOVA, with post-hoc 142
Bonferroni corrections for multiple comparisons as appropriate. Statistical significance was 143 taken as p < 0.05. 144 Figure 1 shows that the temporal patterns of the lung cytokines over the 31 day study period 147 could be separated into two groups. GM-CSF, KC and IL-5 levels in the OVA-challenged 148 animals peaked transiently at Day 3 where they were significantly different from control (Figs. 149 1A-C). Afterwards, GM-CSF and IL-5 levels fell below at least one of the groups challenged 150 with saline (control), KC levels also dropped after Day 3 but remained higher than both control and B). In contrast, neutrophil levels at Day 3 were not significantly different between OVA-160 treated and control animals but rose thereafter in the treated group to become significantly 161 different from at least one control out to Day 31 (Fig. 3C) . 162
The lung mechanics parameters Rn and H in response to methacholine were significantly 163 elevated in the OVA-treated mice compared to controls at all measured time points from days 3 164 to 31. Rn in the treated animals peaked at day 21 ( Fig. 4A) while H peaked at day 14 (Fig. 4B) . 165
Refractory Period 166
The existence of a refractory period in allergic inflammation is indicated by the need to wait for 167 a certain duration of time following cessation of OVA challenge before inflammation can be re-168 exhibited significant increases in their levels with wait periods of 10, 17 and 28 days after the 170 end of the initial period of challenge, although the biological significance of the increase in GM-171 the gain in cytokine levels decreased as the wait period increased, whereas for IL-5 the gain 175 increased with the wait period duration. 176
Variability also occurred with respect to the cellularity of the BALF. The number of total 177 leukocytes and neutrophils were only increased by a recall challenge when it was given 28 days 178 after the end of the initial challenge sequence, but not when the wait time was 10 or 17 days 179 (Figs. 6A and C), indicating that their refractory periods are greater than 17 days. In contrast, 180 eosinophils showed no significant increase in response to recall challenges at any of the three 181 wait periods (Fig. 6B) , indicating that the eosinophil refractory period is more than 28 days in 182 length. 183
Variable refractory periods were also observed for the parameters of lung mechanics. Waiting 17 184 days before initiating recall challenge resulted in a statistically significant increase in Rn, 185 although it was not until 28 days that this increase became biologically significant (Fig. 7A ). In 186 contrast, H did not increase significantly with recall challenge after any of the wait times 187 investigated (Fig. 7B) . These findings thus suggest that the refractory period for lung 188 hyperresponsiveness in terms of tissue elastance is longer than 28 days while in terms of airway 189 resistance it is less than or equal to 17 days. persisted beyond when it is needed, but for which there is no obvious "off switch". 210
We note that while there are clear signs of twitch-like behavior in our data, this does not apply to 211 every relevant player in the allergic inflammatory response. An exception is the response pattern 212 exhibited by neutrophils, which showed no signs of resolving to baseline (Fig. 3C) . Also, totalcell numbers (Fig. 3A) , Rn (Fig. 4A) , and KC (Fig. 1B) all peaked in their responses but 214 remained at elevated plateaus out to Day 31, and some of the cytokines did not differ in theircontinued the experiment for long enough, which would mean that the inflammatory twitch lasts 218 longer than the one month period over which we investigated it. Another possibility is that there 219 are aspects of the response to continual antigen stimulation that are maintained indefinitely, and 220 which would thus not conform to the twitch hypothesis. Indeed, such persistence is what one 221 would expect of anything related to immune memory, so while those aspects of the allergic 222 inflammatory response that need to be transient might be controlled in atwitch-like fashion, there 223 are other aspects that need to remain active for the health of the organism. Also, it is possible that 224 some components of the inflammatory response are capable of summation in the same way that 225 force can summate in skeletal muscle. Thus, the refractory period in the allergic inflammatory 226 twitch might be defined by events that resolve more quickly than the physiological phenotype 227 shown in Fig. 4 , such as the group of early cytokines that appear to have a refractory period of 10 228 days or less (Fig. 1A-C) , which would potentially allow the methacholine responsiveness 229 phenotype to summate. 230
Putting these results together generates an overall picture of the allergic inflammatory response. 231
While the complete response may take more than 31 days to manifest fully, within the 31 day 232 window that we examined in the present study there are a number of distinct events that wax and 233 wane over different time scales. First, there is an initial transient phase of early cytokines that 234 peaks at Day 3 followed by responses in eosinophils and lung tissue stiffness that peaks at Day 235 14. Then there is a leukocyte peak between Day 14 and Day 21 that is followed by both the later 236 cytokines and airway resistance, both peaking at Day 21. Drawing on our analogy with the 237 skeletal muscle twitch, these various events are similar to the components of the muscle twitch 238 that include the early action potential followed soon after by calcium influx and then later by 239 force development. In other words, the muscle twitch and inflammatory twitch are both 240 composed of a sequence of events in which the early events trigger the later events until there is 241 eventual resolution back to baseline. It should be noted, however, that this may paint a somewhat 242 oversimplified picture of the inflammatory twitch because its various cell and cytokine 243 components do not function in isolation but rather operate as part of networks. The time-course 244 of a particular component may thus reflect its changing environment as much as, or even more 245 than, its own intrinsic dynamics. 246
An interesting question raised by our results is why some cytokines peak at Day 3 (GM-CSF, KC 247 and IL-5 in Figs. 1A-C) while others peak at Day 21 (IL-10 and IFNγ in Figs. 1D and E). IFNγ 248
and IL-10 are known to be associated with Th1 and T-regulatory cells, respectively (6, 9, 12), 249 while IL-5 is associated with Th2 cells (3). GM-CSF and KC are also known to be associated 250 with the activation of dendritic cells and the recruitment of neutrophils (4, 10), cells also 251 involved in the early phase of the allergic response. One possibility, therefore, is that the 252 cytokine picture in Fig. 1 lifespans in individuals with airway disease (7, 13, 17, 19) . The results of the present study 271 suggest that this might apply particularly to eosinophils (Fig. 3) . 272
Finally, we must view the findings of our study within the context of its limitations. Perhaps 273 most significant is the limitation that placed by our study design on our ability to resolve the 274 various features expected of a twitch-like response. We chose a design aimed at obtaining as 275 much information as possible about the inflammatory twitch from a limited number of animals, 276 but this gave far from complete coverage of all the possibilities. For example, we are not able to 277 distinguish between the inflammatory effects due to length of antigen challenge from those of a 278 rest period prior to recall challenge because challenge duration and rest duration varied 279 oppositely in our study design (Table 1) . We also employed only a single day of recall challenge, 280 allowing us to study only the most rapid response features inflammatory twitch that may differ 281 from those of a more extended recall challenge. Fully characterizing the inflammatory twitch in 282 all its aspects would require that our experiments be repeated over a significantly longer time 283 scale than one month, and that many more configurations of challenge and rest be examined. 284
This would have required a large number of additional mice, and we studied 104 mice over a 285 total time of a month and a half as it was. Questions about the dynamics of the allergic 286 inflammatory twitch thus remain. Nevertheless, we were able in the present study to add 287 significantly to our understanding of these dynamics, and to place this understanding within the 288 framework of the inflammatory twitch hypothesis. 289
In conclusion, we have provided experimental evidence consistent with our allergic 290 inflammatory twitch hypothesis. Specifically, we have demonstrated transient behavior in many 291 of the cells and cytokines involved in the response as well as its phenotypic manifestation in 292 terms of lung function. These findings support the notion that the allergic inflammatory twitch 293 in normal mice lasts in the order of one month. We have also demonstrated clear evidence of 294 refractory periods in many of these components of the response, some as short as only a few 295 days. These findings corroborate the notion that control of the host response employs frequency 296 modulation in the same way that control is exerted over muscle force, neural signaling, and 297 indeed a host of other biological processes that are initiated by single instigating events. The 298 inflammatory twitch hypothesis thus provides a general mechanism to explain how inflammation 299 is controlled in a normal healthy individual, and also suggests how it might become aberrant in 300 individuals who develop chronic inflammatory diseases such as allergic asthma. 301
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